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.BIOLOGICAL RHYTHMS I N  PEROGNATHUS 

bY 

G. Lidberg, R. M. Chew, and P. Hayden 

. .  

Introduc t i on  

Biological rhythms are recognized as a fundamental characteristic of l i v ing  

systems. 

t h e  ques t ion  as t o  whether these  rhythms are set by endogenous or exogenous cues 
Since t h e i r  formal recognition by D e  Mairan i n  1729 t o  t h e  present,  

or r e f l e c t  t h e  i n t e r a c t i o n  of t h e  two has presented a formidable challenge t o  t h e  

experimental b io logis t .  

placing of organisms demonstrating pronounced rhythms i n t o  e a r t h  o r b i t s  thereby 

promising t o  elucidate t h e  question of t h e  influence of exogenous cues (Zeitgeber) 

on b io log ica l  rhythms. 

R e c e n t  advances in space technology now permit t h e  

Pocket mice (Genus m n a t h u s  1 were proposed by NSL as p a r t i c u l a r l y  s u i t a b l e  

eubjec t  matter for space biology research by v i r t u e  of t h e i r  unusual physiology 

which in turn allowed s i g n i f i c a n t  canpromises i n  t h e  l i fe  support requirements 

for mammals i n  b i o s a t e l l i t e s .  The r e s u l t a n t  savings i n  payload weight coupled 

wi th  t h e  small size of the-animals were an t i c ipa t ed  t o  permit experimental designs 

wi th  s t a t i s t i c a l l y  s i g n i f i c a n t  numbers of an imals  and good r e l i a b i l i t y .  

con t r ac t  (NASr-91) was awarded t o  test these  assumptions and t o  design a d e f i n i t i v e  

earspace" experiment u t i l i z i n g  t h e  unusual characteristics of t h e  pocket mice. 

This 

In the course of es t ab l i sh ing  metabolic base l i n e s  for t h e  pocket mice 

(Chew and Hayden, 19621, numerous da t a  have been obtained which s t rongly  suggest 

t h e  presence of 43 b io log ica l  rhythm i n  

long (circadian).  

cate t h e  ex is tence  of a c i rcadian  rhythm preparatory t o  the preliminary design of 

a n  experiment t o  test t h e  e f f e c t  of extra-terrestrial residence upon tha t  rhythm. 

It should be emphasized t h a t  the research performed t o  d a t e  w a s  no t  designed 

lomimembris which is about 24 hours 

The i n t e n t  of t h i s  paper is t o  present those d a t a  which indi-  

t o  s tudy  or test c i r cad ian  rhythms and as a r e s u l t  obvious gaps i n  t h e  experimental 

d a t a  exist. It is s i g n i f i c a n t ,  however, that d e s p i t e  v a r i a t i o n s  i n  food supply, 
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ambient temperature, atmospheric composition, photoperiod, and gamma-irradiation 

stress, a b io logica l  rhythm has persis ted.  

F o r  a desc r ip t ion  of methods and materials concerning t h e  pocket mouse study, 

refer t o  Chew and Hayden (1962). 

i nd iv idua l ly  i n  l - l i t e r  bottles and oxygen u t i l i z a t i o n  w a s  monitored. 

Unless otherwise noted, t h e  animals were kept  

Discussion 

Circadian rhythms have been shown f o r  numerous rodents and o ther  maamnals 
under normal emirormenta l  conditions as measured with a c t i v i t y  wheels (Halberg, 

1959; Rawson, 19601, body temperature (Hel lbagger ,  19601, and rate of metabolism 
(Pearson, 1960). i 

-math= is unusual i n  the  depth t o  which i t s  metabolism can drop during 

Even when food is a v a i l a b l e  and environmental temperatures its restiw periods,  

are d e r a t e ,  pocket m i c e  f requent ly  allow t h e i r  rate of metabolism t o  drop 

below the minimum needed to m i n t a i n  a normal mammalian body temperature as i n  

Fig. 1. 

pocket m i c e  are starved and temperatures are low, they allow t h e i r  metabolic 

rate t o  drop every day t o  near  a level  equal that found i n  hibernating mammals, 

(This is re fe r r ed  t o  as deep hypometabolism i n  t h e  present report.) 

a mouse's i n t e r n a l  temperature approximates that of h i s  environment. 

(This is referred to  as hypometabolism i n  t h e  present  report.) When 
. - ~ -  

A t  such t i m e s ,  

It has been known for  a long t i m e  that similar d a i l y  metabolic f luc tua t ions  

occur in bats (Hock, 19511, and more recen t ly  t h e r e  have been r epor t s  f o r  t h e  

Birch House (Johansen and Krug, 1959). 

The factors respons ib le  f o r  c i rcadian rhythms i n  mnnannls are only p a r t l y  

understood, e spec ia l ly  the endogenous and s u b t l e  exogenous fac tors .  This t o p i c  

I s  considered i n  Cold Spring Harbor Symposium [25(1959)] on "Biological Clocks" 

which summarizes much of t h e  literature. The following examples ind ica t e  t h e  

ex i s t ence  of a c i rcadian  rhythm i n  pocket m i c e  as evidenced by measurement of 

oxygen u t i l i z a t i o n ,  

. .  
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I. Pocket mice under moderate n o m 1  environmental condi tions, I- 
I Most w m  embris, when they a r e  kept ind iv idua l ly  i n  1-liter beakers 

at  a moderate teruperature (22-24'0, show obvious a l t e r n a t i n g  periods of high 

and low oxygen consumption (see individual A i n  Fig. 1). 

provided, some indiv idua ls  become hypometabolic (see indiv idua l  B i n  Fig. I). 
l 

Even when food is 1 
A t  moderate temperatures and with food present, deep hypometabolism occurs with 

a low incidence (see Groups 1 and 2 i n  Table I). I 
I 11. 

I 
I 
I 
I 
I 
I 
I 
I 
I 

E f f e c t  of f a c t o r s  exoerimentallv varied from normal. 

A. W i t h d r a w a l  of food at 22OC ambient (see Group 3 i n  Table I). 
Sta rva t ion  accentuates t h e  amplitude of t h e  metabolic rhythm, with animals 

becoming deeply hypometabolic every day (see Fig. 2). 

coincidence of low p o i n t s  of individual animals at  moderate temperatures, 

b u t  there is general  agreement as to t h e  lengths of t h e  cyc les  of individual 

mice as shown i n  t h e  in t eg ra t ing  bar graph, Fig. 3. 

There i s  not an exact 

The incidence of t o rp id i ty  ( the  number of hypometabolic per iods  on 

which the animal is deeply hypometabolic) i n  t h e  L i t t l e  Pocket Mouse when 

s ta rved  a t  moderate temperatures may be 100% (Group 3, Table I). 

8. W i t h d r a w a l  of food at  10°C ambient (Group 4, Table  I). Ind iv idua l ly  

housed m i c e  starved a t  l0'C showed a n  accentuated rhythm, as a t  22'C. 

was somewhat g r e a t e r  coincidence of t i m e s  of midpoints of deep hypometabolism 

(Fig. 31, compared t o  t h e  22OC group, and t h e  periods of deep hypometabolism 

are much more prolonged. Several m i c e  remained 

deeply  hypometabolic f o r  t w o  o r  th ree  days i n  succession, but t h i s  is unusual 

i n  mice kept i so l a t ed  from other individuals. 

There 

(Compare dark bars  i n  Fig, 3,) 
\ 

Grouped indiv idua ls  under t h e  same conditions demonstrate a group 

metabolic rhythm, as i n  Fig, 4, 
rhythm beginning wi th  t h e  metabolic low on t h e  second day. 

Here t h e  majority of animals show a %-hour 

A secondary 
h 24-hour rhythm, which begins late t n  t h e  t h i r d  day, may represent  one or more 9 

animals that are "out of step." 

C. Animals i n  darkness. (Groups6 and 7 i n  Table I) The metabolic 

rhyther of groups of &poimembris (Group 6, Table I) and also L J n o r n a  t u 9  

c 
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(Group 7, Table I; Fig. 5 )  p e r s i s t s  i n  continuous darkness, at least f o r  

7 days. 
Per iod ic  a rousa l s  are not eliminated by subjec t ing  t h e  animals t o  

an atmosphere which is 4.5% carbon d ioxide  (Croup 6, Table I). 
Two m i c e  w e r e  kept individual ly  i n  a dark, sound proof box f o r  

11 days. 
showed an unusual, but precise ,  &-hour rhythm (Fig. 6 ) .  

One animal showed an unusually prec i se  24-hour rhythm, t h e  o the r  

De Bffect of  a c u t e  rad ia t ion  (Group 8 ,  Table I.). lonnimembris 

is a b l e  t o  surv ive  r ad ia t ion  dosages t h a t  are f a t a l  to o t h e r  lasmnals (Gambino 

and Lindberg, 1963). Nine m i c e ,  which had been subjected t o  1400 roentgen 

dosage, were s h o r t l y  t h e r e a f t e r  placed within a normal environment f o r  

metabolic measurements (Fig. 7). Metabolic rhythms were demonstrated i n  

al l  individuals .  

of periods of deep hypometabolism (compare Groups 2 and 8 i n  Table I). 

The rhythm di f fe red  from cont ro ls  only i n  a g r e a t e r  incidence 

Some of t h e  i r r a d i a t e d  a n i m a l s  had a hypometabolic sequence that 

is  very similar t o  t h e  food deprived groups (compare Fig. 7 and Fig, 2); 

however, most of t h i s  group, a f t e r  an  i n i t i a l  loss of 1-2 g during t h e  f i r s t  

week, gained weight during t h e  second week of t he  study. 

The i r r a d i a t e d  animals were disturbed on t h e  seventh day for 

weighing and examination. 

of 4.3 hours (6.0 - 0.3) of t h e  midpoint of deep hypometabolism t w a r d s  

later i n  t h e  day. No such s h i f t  was observed i n  non-irradiated animals 

d i s turbed  i n  the  same way (Table I, Group 2). 

79-83 days a f t e r  i r r ad ia t ion .  

tended t o  p e r s i s t .  

Conmarison of metabolic behavior of Lsolated and grouoed pocket m i c e .  

After t h i s  dis turbance t h e r e  w a s  an average s h i f t  

Six animals were restudied 

The rhythms noted 1-14 day following i r r a d i a t i o n  

111. 

A. The d a t a  suggest tha t  when pocket mice are kept  i n  a group wi th in  

t h e  same chamber or i n  a series of chambers on t h e  same a i r  flow t h e r e  is 

a synchronization of t h e  metabolic rhythms of individuals .  

While there is an obvious group rhythm i n  grouped indiv idua ls  

(Fig. 4 and 51, t h e r e  is not an  equivalent synchronization of ind iv idua ls  

that are measured separa te ly  at  the  same t i m e .  

entrainment of rhythms.) 

(This may be a case of s o c i a l  
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8. The data suggest that when animals are kept i n  groups, t he re  i s  
a rnuch g r e a t e r  tendency f o r  individuals t o  become deeply hypometabolic and 

remain so for several days. 

from e a r l y  in t h e  t h i r d  day onward. 

hypometabolic from t h e  four th  day onward. 

In  Fig. 4 t h e  group as a whole w a s  hypometabol-r 

Similarly,  i n  Fig. 5 t h e  group w a s  

It is concluded that t h e  ''group'' hypometabolism is  t h e  r e s u l t  of 

one or  more indiv idua ls  failing to  arouse at the  expected t i m e .  The rngroupB* 

rhythm p e r s i s t s  because of those animals tha t  do arouse, t o  create t h e  peaks 

in the curve. 

Summsrv and Conclusions 

1. Pocket mice (L &mi membris and P- inornatus) demonstrate a c i rcadian  

metabolic rhythm. 

2. This rhythm is obviously i n  agreement with the  na tura l  photoperiod; 

t h e  m i c e ,  which are nocturnal ly  a c t i v e  under natural  conditions,  show metabolic 

lows during dayl ight  hours and metabolic highs during nighttime hours. 

even when animals are i n  continuous darkness for 6-7 days. 

This occurs 

3, Starva t ion  and low ambient temperatures accentuate the  amplitude of t h e  

rhythm so t ha t  t h e r e  is an  occurrence of deep hypometabolism almost every day. 

4. The approximate 24-hour period of the  rhythm is not a l t e r e d  by keeping 

individual  pocket mice i n  continuous darkness, i so l a t ing  them from sound, exposing 
them to  a i r  with 4.5% CO or  t o  atmospheres saturated with water vapor,or exposing 

them to 1400 r Co6' i r r ad ia t ion .  
2 

5. When starved mice are kept i n  groups, t he re  is a tendency f o r  t h e i r  

rhythms to  become synchronized, and also fo r  some individuals  t o  "drop out of t h e  

rhythm" for one or  more days by remaining deeply hypometabolic. 
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PRELIMINARY DESIGN FOR A 

BIOLOGICAL EXPERIMENT IN SPACE 

PRINCIPAL INVESTIGATOR: Robert G. Lindberg and Robert M. Chew 

INSTITUTION: Northrop Space Labora tor ies  and Univ. of Southern Cal i forn ia  

ADDRESS: Hawthorne, Ca l i fo rn ia  - Phone: ORegon 8-9111 

Bxperiment T i t  le: 

The effect of extra-terrestrial res idence  on t h e  c i rcadian  metabolic 

rhythm of pocket mice CPeronnathus lonnimernbris). 

Working Concepts: 

Data from metabolic s tud ie s  on pocket mice s t rongly  suggest that Peronna thug 
10- b r i s  has a c i rcadian  metabolic rhythm which can be detected a t  both  
moderate (22-24’0 and low (10°C) environmental temperatures, a t  low humidities 

(less than 10% relative humidity) and sa tu ra t ed  air ,  i n  t h e  dark or under 

normal photoperiod, with and without food, i n  normal atmospheres and 100% 

oxygen, and i n  both ind iv idua l ly  housed and i n  grouped mice (see NSL 62-125-4). 

It is an t i c ipa t ed  t h a t  placing these  an ima l s  i n  e a r t h  o r b i t  w i l l  e l u c i d a t e  

t h e  effects of exogenous factors which may inf luence  what appears t o  be a 

daminant endogenous rhythm. 

studied is weightlessness, t h e  experimental design is e a s i l y  adaptable t o  

provide f o r  t h e  input  of almost any s p e c i f i c  environmental s t imu l i  i n  t h e  

i s o l a t i o n  of space. 

While t h e  most obvious exogenous cue t o  be 

- .. 
- 1s - 
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e e r i m e n t a l  'Design: 

Four u n i t s  of 8 mice each (& Jonnimem br ig)  t o  be subjected to a 
minimum of two weeks i n  o rb i t .  

less condition wi th  artificial g rav i t a t iona l  force provided t h e  second 

week i f  a n o m l i e s  i n  t h e  rhythms become apparent. 

is known t o  inf luence  t h e  depth of hypometabolism, t h e  following feeding 

schedule w i l l  be maintained. 

Unit one: 

Unit two and three: 

Unit four: 

A t  least t h e  first week t o  be i n  a weight- 

Since a v a i l a b i l i t y  of food 

Fed both f irst  and second weeks. 

Not fed f i r s t  week, fed second week. 

Fed f i rs t  week, n o t  fed second week. 

Oxygen consumption of each unit  t o  be monitored i n  f l i g h t  with d a t a  

readout adapted f o r  computer analysis on ground. 

present  first week, and f i r s t  un i t  wi th  norma€ metabolic level,  ar t i f ic ia l  

g r a v i t y  ko be ifitzkicsd E = c ~ &  O O P ~  in form of cen t r i fuga l  fo rce  developed 

by epinning e i t h e r  vehic le  o r  experimental package. 

I f  c i rcadian  rhythm not 

- 16 - 
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P o t e n t i a l  Conclusions: 

(1) I f  u n i t s  one and four  maintain normal metabolic rate, wi th  o r  
, 

without rhythm, during t h e  first week, i t  is demonstrated that weightless 

animals can feed adequately, and physiological function must be proceeding 

r e l a t i v e l y  normal. 

I 

I 
1 

(2) If t h e r e  i s  no circadian rhythm t h e  first week, and animals are 
feeding, and If rhythm i s  regained during second week (under a r t i f i c i a l  

g rav i ty ) ,  this is  evidence t h a t  g rav i ty  is c lue  f o r  metabolic rhythm. 

are feeding, g r a v i t y  i s  not an important c l u e  t o  s e t t i n g  of rhythm. 

or artificial G, then physiological func t ions  g ross ly  in t e r f e red  with and 

amy or may not be linked t o  weightless exposure. 

(3) If c i rcadian  rhythm p e r s i s t s  i n  weightless condition and animals  

If  failure of feeding, and no rhythm, e i t h e r  under weightlessness (4) 

I 
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General b e d  mental Requirements 

1. Lead time: Weeks 

2. Time: 

a, Prelaunch hold time: Not  critical up t o  48 hours. 

b. orbit t i m e :  Minimum 14 days. 

C. Maximum p o s t - f l i g h t  t i m e :  Recovery unnecessary i f  gelemetry avai lable .  

N o t  t o  exceed 1400 r over  14 days. 3. Radiat ion exposure: 

4. &nrironmental conditions:  

a. Temperature: 

bo 
Prelaunch 10" t o  35°C; F l i g h t  8-12OC; Recovery 10" t o  35OC. 

Atmospheric composition: Depends upon how metabolic a c t i v i t y  is t o  be 
mi tored ,  e.g., 

100% ouygen, i f  consumption monitored i n  terms of decreasing pressure;  

+2-; 2x2, if consumption t o  be monitored i n  terms of decreasing 

e i t h e r  canposi t ion i f  c02 production is  measured i n  l i e u  of 02. 

oxygen concent rat ion; 

AtPlospheric pressure:  4 5  p s i  

c. Other: 
Animals in dark, 
Humidity t o  be constant,  level not  critical, but preferab ly  l o w  ((30%). 

Device for imparting s p i n  to animal chambers or veh ic l e  during second 

week to be used i f  desired, depending upon r e s u l t s  of first week. 

Means con t ro l l i ng  ammonia. 
5. Opezational cons t r a ln t s  imposed byexperiment:  

a. Maximat p e w i s s t b l e  accelerat ion:  Unknown 

b, Max- permissible  sp in  at launch and reentry: Unknown 

C. Does slow r o t a t i o n  on tumbling effect experiment? Y e s  

do Other: 
6. Weight estimates: 

_-  

Minimum of 32 mice, 9.5 grams each - 
Unit  ana : Assuming m i c e  w i l l  remain normothermic and normally metabolic 

as on ear th ,  at rate of 9 ml 02/g hr, r e s p i r a t o r y  quot ient  of 0.75, 

caloric equivalent  of oxygen of 4.8 c a l / m l ,  food of 6 Kcal/g caloric 

value, evaporate a t  rate 1 mg/rnl 02. 
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One amuse: (9.5 g) (9 m102/g hr) (24 hrs) (14 days) = 

28.7 liters O2 (40.2 g) used w h i l e  consuming 23 grams of seed (sun- 

flower) pmducing 0.75 IC 28.7 = 21.5 1 C02 or 42.1 g and losing 28.7 g 

water Cat rate 1 mg HzO per m l  02). 

absorbent for 8 X 42.1 g m  CO 

Vehicle must provide 8 X 40.2 g m  oxygen, 8 X 23 grams sunflower seed, 

absorbent for 8 X 28.7 gm water. 
2, , 

U n i t s  twa. t hree and four: These are t o  be provided with four  days of food 

for each mouse, t o  be issued e i t h e r  a t  start or a t  beginning of second 

week. 
and 50% of i ts  own body weight. 

and thus stay with in  th i s  nu t r i en t  supply, they w i l l  have starved t o  

death before exceeding th i s  O2 supply.) 

Animal must be provided enough oxygen t o  u t i l i z e  th i s  food 

(If animals do not become torpid,  

m’ = 8.25 liters O2 or 11.55 g m  02. To use up (6.6 Em food) (6  K c a l / ~  
4.8 Kcal/liter 

To use up 4.75 g m  body weight, o r  1.9 gm body so l id s ,  with max. caloric 

value of 9 K c a l / g m .  

Units two, three and four require,  for total of 24 mice 
24 X (11.55 + 5.0) gm oxygen - 397 gm oxygen 

24 X 11.81 X 0.75 X 1.67 = 355 gm C02 absorbence 

24 K 11.81 = 284 g m  water absorbence 

24 X 6.6 = 156 gm food as sunflower seed 

c 

- .  

- 19 - 



Results of inves t iga t ions  of b io logica l  rhythms i n  pocket mice have l e d  

(1) Pocket mice (Perognathus longimembris and t o  the  following conclusionst A/, _- 
ignoratus)  demonstrate a c i rcadian metabolic rhythm. ( 2 )  h L, b r  

rhythm i s  obviously i n  agreement w i t h  t h e  na tu ra l  #hotoperiod; the  mice, 

which are nocturnal ly  ac t ive  under na tura l  conditions, show metabolic lows 

during dayl ight  hours and metabolic highs during nighttime hours, even when 

I ?  1 ' I" I-' 
expoaed t o  continuous darkness f o r  6 t o  7 days. ( 3 )  Starva t ion  and low ambient 

temperatures accentuate the  amplitude of the  rhythm so  t h a t  t he re  i s  a n ?  /< ccur: j P  
1- 

rence of deep hypometabolism almost every day. (4)The approximate 24-hour 

per iod of the  rhythm i s  not a l t e r ed  by keeping ind iv idua l  pocket i n  continuous 

darkness, i s o l a t i n g  them from sound, exposing them t o  air with 4.5% C02 o r  t o  /- 
atmospheres sa tura ted  with water vapor, or exposing them a 0 0  r Co60 i r r ad ia t ion .  * 
(5) Whe# s tarved mice a re  kept i n  groups, there  i s  a tendency for t h e i r  rhythms 

=?e 
t o  become synchronized, and fodsorne individuals  t o  Itdrop out of t he  rhythmtt f o r  

one o r  more days by remaining deeply hy-pometabolic. These conclusions have l e d  
i 

t o  t h e  preliminary design of a b io logica l  experiment i n  space f o r  studying t h e  

e f f e c t  of e x t r a t e r r e s t r i a l  residence on the  circadian metabolic r h y t  

\ mice (Perognathus longimembris) . 
d4k .__---I 

I_ 

I.V.L. 
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